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FOREWORD

This report was prepared by Southwest Research Institute, San Antonio, Texas, under Contract
F33615.69-0-1221, The work reportcd herelin was Initiaied under Project No, 3048, Task No. 304805, The
work was performed by contractor’s personnel using Air Force facilities at Wright-Patterson AFB. The
program was administered by the Fuel Branch of the Fuels, Lubrication, and Hazards Division, Air Force
Aero Propulsion Laboratory, Air Force Systems Command, Wright-Patterson AFB, Ohio, The Alr Force
project engineer is Mr. W, Melvyn Roquemore (APFF).

This technical report covers work performed between 2 December 1968 and 1 November 1969 under
one phase of the subject contract, This report was submitted by the authors on 1 December 1969,
Contractor’s identifying numbers are Project No. 12-2497 and Report No. RS-536.

This technical report has been reviewed and is approved.
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ABSTRACT

Several optical techniques are of interest as possible approaches to the chemical analysis of fuels and
¥ lubricants. Gf these techuiques, measurement of the phase shift or time lag in the Kerr effect was chosen
2 for initial investigation. A breadboard device was constructed to measure the phase shift at frequencies
from 200 Hz to 100 kHz. This device was used to measure the critical frequencies of
poly-y-benzyl-R-glutamate (1500 Hz}, Acryloid HF-866 (1900 Hz), a probable impurity in lubricant ester
$-9 (1000 Hz), and lubricant ester $-7 (>5 kHz), and also to analyze quantitatively a mixture of Acryloid
HF-866 and the impure ester 5-9. A spectrometer of simpler construction than the current instrument was
designed to facilitate extending the measurements to higher frequencies on the order of 1 MHz, so that a
. wider range of molecular sizes and structures can be investigated. Also, the equations describing the Kerr
N response curve of mixtures were derived. Some numerical tests of the simple analysis procedures were
compared with the results of these equations, and intensity and derivative spectra for representative mix-
tures were obtained.
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SECTION |

Pl INTRODUCTION

. The analysis of fuels and lubricants entails the resolution of complex mixtures and often the deter-
3 mination of materials present in trace quantities, A wide variety of conventional and instrumental {ech-
: niques have been brought to bear on these problems, and satisfactory methods have been developed for
£ many specific muterials, However, there are many unsolved problems in this general fleid. and the develop-
; ment of new techniques is of definite interest,

| Among the optical methods that have received scant attention, one may list those hased on the
: Faraday effect, the Kerr effect, and fluorescence or phosphorescence spectra,

: The work reported herein is the first phase of an investigation of time lags in the Kerr offect as o
N possible meuns of characterizing moleculur size and structure.
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SECTION i

BASIS OF TIME LAGS

When un electric field is applied to various substunces. the material becomes doubly refracting. That
is. the index of refraction for light polarized parallel to the field 1s different from that for perpendiculurly
polarized light. When the incident light is linearly polarized at 45 degrees to the electric field, the difference
In indives of refraction leads to a phase shift between the components of the incident light polarization
vecter which are parallet and perpendicular to the applied electric field, The net result is that light emitted
from the cell is now elliptically polatized rather than linearly polarized, This process is illustrated in Figure
I. The magnitude of the Kerr effect is described by

A=jREEN (1}

where A is the optical path difference between the parallel and perpendicular components: j, the Kerr
constant, is detined by this relation; € is the path length i the medium: F is the electric tield strength:and
A is the wavelength of the incident light. Figure 2 shows the experimental arrangement. In block diagram
form, as well as the qualitative shapes of the applied voltage und observed signal. In the experiment. the
polarizer and analyzc: are crossed so that no light is passed when the electric field is zero. When the electric
field is applied, the light coming from ‘the Kerr cell becomes elliptically polarized and. hence. some light is
passed through the analyzer. Thic light is detected and the resultant voitage is amplified to give the observed

Laser HFulariaer Harre Call Anslyarr Uetechr

=

Polariser Kerr ¢Cnll Analyrer —
Pawer l
Supply
Frass e
Ay lifrer

SRR S R AR

FIGURE 1. D. C. KERR EFFECT

FIGURE 2. BLOCK DIAGRAM OF APPARATUS

signal. An alternating field applied to the sample gives rise to a repetitive signal which has a4 characteristic
shape. This shape may be used in the Lissajou pattern to determine the phase relationship of applied voltage
and signal, or it may be analyzed in a phasemeter or lock-in amplifier to give the phase relationship directly.
The function of a phase lock-in amplifier is to measure a certain frequency component of the input signal.
It performs this function by comparing the input signal with a reference signal and amplifying that portion
of the input signal that is in phase with the reference. In the present experiment. the reference signal was at
the doubled frequency 2w. for reasons given in Appendix I. This appendix contains the mathematical
analysis of the frequency distribution of the light intensity signal.

From a molecular point of vicw, the Kerr effect has several origins. A molecule with an electric dipole
moment tends to align itself with the electric field. The anisotropy of the medium thus produced causes the
difference in indices of refraction and, hence, the Kerr effect. The fact that the molecule itself must he
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ortented in this case indicates that finite times are involved. That is, the moment of inertia and interaction
uil tile moiecuic with soivent moiecuies set a nmit on the time it takes the molecule to align itselt with the
field. For a mathematical expression of the problem and the relationship of the response time of the
molecule to molecular parameters, see Appendix 11. This behavior manifests itself experimentally as a phase
shift of the Kerr signal with respect to the applied
voltage uas well as an amplitude change in the signal. A
qualitative explanation of this behavior is as follows.
At low frequencies of the applied field, the molecules i
have ample time to align themselves with the field
and, hence, stay almost in phase with it. At high fre-
quencies, the molecules no longer have time to orient
themselves and, hence, no orientation-based Kerr
effect is measured. This behavior is illustrated in Fig-

ure 3, showing the Kerr constant and relative phasc of wor i
applied field and signal as » function of frequency of
the applied field. ¢ sofm— — — — — —
A similar orientation behavior can be obtained /
if the electronic polarizability is anisotropic. In this ° —

case, the induced electric dipole moment has a prefer-

ential direc'tion ‘in the molecule. Th'e moleculel then FIGURE 3. KERR FREQUENCY RESPONSE CURVE
tends to orient itself with the direction of maximum (Permanent Moment)

polarizability along the electric field direction. Since

the same limits apply to the actual motion of the

molecule, there are no differences in the theory for the rotational diffusxon time (half amphtude point in
Figure 3). However, the amplitude and phase curves are ditferent from the permanent dipole case (see
Appendix ). In this case, the Kerr signal goes to 90 degrees out of phase with respect to the driving
voltage, as contrasted to the permanent dipole case where the limit is 180 degrees. Also, the amplitude goes
to one-half its d.c. value instead of zero, as in the permanent dipcls case.

In order to measure the molecular orientation phet.omena, the frequency of the applied electric field
is varied and the phase and amplitude of the observed signal is measured. These data are then collected in
the form of a graph in which frequency is the x-axis and phase or amplitude is the y-axis. Determination of
the shape of this curve then allows distinction between polzi and nonpolar molecules, some estimation of
degree of aromaticity, and determination of a geometry factor.
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SECTION i

EAPERIMENTAL RISULTS AND INTERPRETATION

-]

1.  Apparatus

The Kerr cell electrodes were two parallel copper plates coated with gold and separated one trom the
other by a fixed distance d. The separation of the plates was made only large enough to permit the laser
beam to pass between the plates without being depolarized. This distunce d for the Keir cell was approxi-
mately 0.118 in., fe, slightly larger than the laser heam’s diameter. The capucitance of a parallel-plate
capacitor is

where
A is the area of the dielectric facing the electric flux lines expressed in square meters
d is the separation of the conductors expressed in meters

€, is the dielectric permittivity of the dielectric

1 F

€= m permittivity of free space

By use of Equation (2), one can determine the capacitance of the Kerr cell by its dimensions and the
dielectric constants of the material being examined between the plates of the Kerr cell The capacitance
of the Kerr cell varied from 10 to 100 pF in the experiments performed,

An electrical schematic of the apparatus is shown in Figure 4. The optical components are given for
reference only, the actual optical system being as in Figure 2. The system, as represented here, was operated
as a tuned R-L-C circuit (see Appendxx 1) for the purpose of achi.ving maximum voltage across the Kerr
cell with minimum input power.
Voltages of 20 kV, peak to pesk at

Powst A .
uu-:a:r:..mn y frequencies up w 100 kHz, were
Inatr. Co L (31 h Variable Inductor) achieved.

The Kerr signal produced by

Sigral Gan. this veltage was checked for
Hewlatt. X L. X )

Puckars authenticity in the following way.

200 AB First, the laser beam was cut off by

a plece of cardboard. The dis-

appearance of the signal when this

was done showed that the Kerr

Impedanca ate signal was not caused by electronic

~{rype 147 pickup or by ground loops in the

b ) Am) apparatus, Also, a rotation of the

polarizers by 90 degrees caused the
Kerr signal to invert, as is proper. It
was therefore concluded that the
signal observed was truly a result of
VIGURE 4, ELECTRICAL SCHEMATIC the normal Kerr offect.

e
Mocsel HI-C
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The apparatus was used in the following manner:

¢y
@

3)

@

(%)

(6)
(N

The R.L-C circuit parameters were set for a resonant frequency in the range required,

The signal generator was tuned to the resonant frequency by maximizing the voltage across the
Kerr cell, which was set to the level required.

The signal was then observed on the lock-in amplifier, (This signal was at twice the original
frequency because the Kerr gifect signal is proportiona! to sin®8. See Appendix I for an analysis
of the amplitude of the Kerr signal at the doubled, t‘requency y]

The phase measurements were performed by finding the phase at which the reference signal -

from the lock-in amplifiér and the input signal (Kerr signal) were 90 degrees out of phase, i.c.,
the null point. The null point was verified for weak signals by finding the point at which
blocking the laser beam caused no shift in the meter deflection. A further check on the null was
made, in some cases, by disconnecting the Kerr cell leads and operating the system as if it were
connected. This procedure determines the extent of electrical pickup, for which the data can
then be coirected. The data, therefore, contain no error due to electrical pickup.

The amplitude of the Kerr signal was measured by changing the reference phase with respect to
the input phase by 90 degrees and noting the deflection of the lock-in meter. The measured

Kerr signal was the difference between the in-phase deflection and the null deflection, thus
canceling pickup deflections.

The procedure was repeated at each frequency until the pertinent range was covered.

The procedure was repeated with the nitrobenzene Kerr cell in place to provide data for
canceling apparatus phase shifts and amplitude changes as a function of frequency.

2. FRewults

The experiments performed so far have had several purposes. In the first experiments, poly-
y-benzyl-%-glutamate (PBLG) was used to check out the equipment and methods. PBLG is & polypeptide
which can exist in the form of an a-helix, leading to a vector addition of monomer dipole moments and a
large total electric dipole moment. [ts high molecular weight (between 200,000 and 400,000 for our
sample) and large dipole moment make this compound an ideal one on which to test the method. The phase
and amplitude curves were obtained by comparison with similar curves for nitrobenzene. This normaliza-
tion was made necessary because of phase and gain changes in the eiectronic equipment with changes in
frequency. In this normalization procedure, nitrobenzene was made the reference material, assuming that

no phase shift or amplitude change should have been observed for this compound. Thus, the raw data for
PBLG were treated in the following ways:

m

(2

At a given frequency, the measured phase shift of the nitrobenzene was subtracted from the

PBLG phase shift to give the relative phase shift between th two ¢compounds. Equipment phase
shifts are thus subtracted out.

The ariplitude of the PBLG signal at each frequency was scaled up by the ratio of the ampli-
tude uf the nitrobenzene at the lowest frequency used to that at the frequency in question,
This #ssentially returns the gain to that of the lowest frequency measured.

Figure . shows the normalized curve obtained for PBLG. Our sample was found to have its 90-degree
phase pownt (upproximately the critical frequency) at about 1500 Hz.

The next et of experiments was performed on compounds of interest to the Air Force and were
supplied by them. One was an oil additive used to improve viscosity-temperature properties, known as

5
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FIGURE 6. ACRYLOID HF-866 KERR RESPONSE CURVE

Acryloid HE-866. Its molecular
weight is of the order of 10%, The
experiment was performed to show
the feasibility of further experi-
ments designed to meusure geom-
etry changes in the Actyloid with
temperature variations, and thus
develop a method of evaluating the
effectiveness of other additives of
this nature, The preliminary experi-
ments were successful, showing a
critical frequency for this com-
pound of approximately 1900 Hz,
The normalized data are given in
Figure 6.

'y

A A 1 2 8 £ ¢ o 2 2 8 0 2 A 2 &

Additional time and equip-
ment will be necessary to measure
this critical frequency as a function
of temperature and, hence, measure
the geometry change in the mole-
cule. Incidental information gathered
from this experiment includes the fact
that the Acryloid has a permanent dipole
moment as jndicated by the phase curve

. going to 180 degrees.

Another compound studied in this
phase was an ester known as $-9, used as
a base stock for synthetic lubricants, This
compound has a molecular weight of
about 555, which makes the data
obtained from it (shown in Figure 7) very
difficult to understand. The critical fre-
quency for this sample was measured to
be about 1000 Hz-very low for a mole-
cule of this size. A gross estimate of its
expected critical frequency gave 100
MHz. Accordingly, the measurements on
8-9 were repeated, and the data were
found to be in error. These measurements
showed no phase shift with respect to
nitrobenzene for ester $-9 in the fre-
quency region studied (1 kHz - 100 kHz),
The data first obtained are presumed to
be caused by small amounts of poly-
peptide remaining from previous tests,

Experiments on a similar ester, known as S-7, show the expected response. The data are not reported,
because no phase shift or amplitude change with respect to nitrobenzene was measured. This is ihe proper

behavicr for a compound with a very high critical frequency.

These data lend support to the impurity

explanation of the S-9 data, since S-7 and S-9 are very similar in molecular structure.

The final series of experiments was performed to show the

feasibility of analyzing mixtures using the

phase method. In this work, the ester S-9 and Acryloid HF-866 were mixed to give approximately equal

6

e

e e A e B e




contributions to the Kerr response curve (Fig:-  Phase (%))

N WIS .2 o o LMD 5815~

ure 8). The response curve of the mixture was
measured and the phase curve was analyzed (g0
according to the equations 170°F
160°
180°1
br=fada tfEbE 3 el 7000 volts on
d 130° Karr Coll
an ol
L=fy+/g @ ner
100° |
Hence, ¢4, ¢4, and ¢z are the phase shifts  90°t ek
observed for the mixture, pure Acryloid, and 807+
“pure” ester, respectively; f4 and fg are the ::,,;
unknown fractions of Acryloid and ester. These 50°
equations apply and were solved for each fre- 40: -
quency. The equations can be combined to :g, [
yield 10°L
00
o1 — b4 . 500 1 3 3 4 s
fe= b — b4 ®) Frequency (kHz)
Frequency vs Phase
and o :
P e ©)
b4 — 95 _
FIGURE 7. ESTER 59 KERR RESPONSE CURVE
The sample calculations for the ester-
Acryloid mixture are given in Table I, showing
.' a quite reasonable analysis, The data agree well e 1 -
enough to show Lhat the method works, yet ek T
point out the need for more accurate phase et
measurements, This analysis and the numerical r
method are examined in more detail in Sec. ol
tion 1V. e
::: : O Avrsles HE -
wh o’
TABLEl. ANALYSIS OF MIXTURE
RESPONSE CURVES
f or ¢E o4 | Ja | fE . . .
(Hz) | (deg) | (deg) | (dep) | (%) | (%) g ' g ! Frngusner ot
30 | 120 152.5 95 43,5 | 56.5
1150 | 130 170 100 | 428 | 57.2
« 1650 | 150 175 120 54,5 | 45.8
2200 | 162.5 | 180 150 | 41.6 | 584 FIGURE 8. MIXTURE KERR RESPONSE CURVES
- (Un-Normalized)
7
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SECTION IV
THEORETICAL MIXTURE ANALYSIS

A digital computer program for the soludon of the general equations derived in Appendix 1V has
been written and used to calculate the Kerr response curves for multicomponent systems, The program
requires s input data the number of constituents, their contribution to the D. C. Kerr constant, their
relaxation times, and a defined frequency range. The Fortran IV version of this program is given in
Appendix V. The results that have been obtained thus far are shown in Figures 9 through 21. In these
figures, the curve labeled “Amplitude” is B(cw), that labeled **Derivative” is d/(w)/dw, that labeled “Phase”
is 5(w), and “Intensity”is f(w). The maximum magnitude that these variables have in any figure is given in
parentheses after the label. This number thus defines the scale fuctor, The experimental obscrvablesaref(w)
di(w)/dw, and 8(w). See Appendix VII for the equations for these quantities and their derivations. For
convenience, Table I shows the input data for Figures 9 through 21.

The first three cases are single-component systems, included for the purpose of testing the simple
additivity rules. The next three cases are two-component systems under moderate frequency resolution, and
the last four are three-component systems under poor resolution conditions. The last case Is a synthesis of
the Acryloid HF-866 - Ester §-9 mixture experimental curves, based on measured relaxation times in the
separated systems.

TABLE I1. SUMMARY OF PARAMETERS USED
TO GENERATE FIGURES 9 THROUGH 21 -

N D.C. Kerr Effect | Relaxation | Frequency Range
Figure | Constituents | “ro sribution | Times (sec) (radlans/sec)
9 1 1.0 0.001 0-13000
10 1 1.0 0.0003 0--13000
t i 1.0 0.0001 0-13000
12 2 0.5 0.001 0-13000
0.5 0.0001 0-13000
13 2 0.2 0.001 0-13000
0.8 0.0001
14 2 0.8 0.001 0-13000
_ 0.2 0.0001
15 3 0.333 0.001 0--13000
0.333 0.0003
0.333 0.0001
16 3 0.2 0.001 0-13000
0.2 0.0003
6.6 0.000t
17 3 0.6 0.001 0-13000
0.2 0.0003
0.2 0.0001
18 3 0.2 0.001 0-13000
0.6 0.0003
0.2 0.0001
19 1 1.0 0.00058 0-9000
20 1 1.0 0.00093 0-9000
21 2 0.5 0.00055 0-9000
0.5 0.00093
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These curves have bean gencrated to flad {1) the value of the differential spectrometer, (2) the
methods of obtaining the concentration data, and (3) the concentration and frequency resolution possible
under different conditions. From a study of the two-component curves, it can be seen that the differential
method offers a real advantage when the low frequency component is the low concentration one (Figure
13). However, in the opposite case (Figure 14), the phusc measurement seems to be the best analytical
method. Basically, this reversal of character oceurs because the dispersion reglon widens as frequency
increases, thus lowaring df/dw. Therclore, us it Is now conceived, the derivative method appears most useful
when the lower concentration component is in the low frequency region.

In general, the concentration data should be obtained by analyzing the experimental data in terms of
the equations of Appendix 1V. Various methods of using nonlinear least squares fits and varying the test
parameters have been used in this type of analysis. One in particulur, Levenberg’s method, has been used by
the author to obtain the best fit and statistical duta from electron spin resonance saturation curves with
excellent results. However, it would be more appropriate to be able to obtain at least approximate concen-
tration data from the curves themselves without resorting to computer analysis. To this end, the errors
involved in the phase additivity and amplitude additivity methods have been estimated. The numbers from
the single-component systems of appropriate relaxation times were multiplied by the concentrations used in
the complete synthesis curve. added. and compared with the complete curve. The phase additivity method
is governed by the equation

priw) = -‘;U)'Mw)

where f; is the fraction of the it component in the system. ¢; is the phase shift of that component by

itself, and ¢ is the total phase shift of the mixture. Similarly, the amplitude additivity method is defined
by the equation

Byw) = X fii(w)

where B,(w) is the magnitude of the Kerr constant of the i*" component at any particular frequency, f; is
the fraction of the i'" component in the system. and B;{w) is the total Kerr constant.

TABLE III. SIMPLE ADDITIVITY RULES FOR MODERATE FREQUENCY RESOLUTION
i 0.001 see T 0.0001 sec

Frequency | 0.8 X Phase (1) | 0.2 X Phase (2) | Sum | Exact {0.BX Amp (1) | 0.2X Amp (2) { Sum | Exact
0 0 0 0 0 0.4 0.1 0.5 0.5

34 .422 0.011 0.433 | 0.429 0.37 0.1 0.47 0.46

69 0.788 0.022 0.810 | 0.781 0.306 0.1 041 0.38

103 1.08 0.032 1.11 1.03 0.24 0.099 0.34 0.29

172 1.475 0.054 1.529 | 1.24 0.14 0.098 0.24 0.17

241 1.7 0.075 1.79 .21 0.008 0.096 0.18 0.12

310 1.87 0.095 1.96 1.11 0.059 0.094 0.15 0.10
379 1.98 0.115 2.09 1.04 0.042 0.091 0.13 0.088
448 2.06 0.135 2.19 1.03 0.0304 0.088 0.12 C.084
517 2.11 0.155 2.26 1.05 1.0236 0.085 0.il 0.082
86 2.16 0.17 2,33 1.09 0.0186 0.082 0.10 0.079
6SS 2.20 0.188 2.39 1.14 0.0151 0.078 0.093 | 0.077
293 2,25 0.22 2.47 1.25 0.0124 0.075 0.087 | 0.074
93 2,29 0.25 2.54 1.37 0.0675 0.064 0.071 | 0.065
1069 2.31 0.276 2.59 1.48 0.0058 0.J58 0.063 | 0059
1207 2.34 0.30 2.64 1.58 0.0045 0.052 0.056 | 0.053
1345 2.36 0.32 2.68 1.68 0.0037 0.047 0.051 | 0.048
1483 2.37 0.34 2.7 1.77 0.0030 0.042 0.045 | 0.043
1621 2.38 0.357 2.74 1.84 0.0026 0.038 0.040 | 0.039
1759 2.39 0.37 2.76 1.91 0.0022 0.034 0.036 | 0.036
1897 2.40 0.38 2.78 1.98 0.0019 0.031 0.033 | 0.032
2034 241 0.40 2.81 2.04 0.0016 0.038 0.030 1 0.029
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Tahle Tl chows that wndar moadsrate reenbution (r; = 107 .} o twoosomponant systam lo ant
described by the phase additivity rule except at small angles (i.e., both §, and §,<30 degrees), but is
adequately desciibed by the amplitude additivity rules at both low and high frequencies. In the inter-
mediaie range. the canceling phase shift of the iow frequency component causes the exact answer to be
significantly less thar :he simple sum. However, at low frequencies, both signals are approximately in phase
and hence add algebraically. Also, at high frequencies, the low frequency (7 = 0.001 sec) component’s
amplitude is near zero, so that the only remaining amplitude contribution is from the high frequency (7 =
0.0001 sec) component. This state of affairs is expected to be true for many component systems in which
no relaxation time is nearer than a factor of ten to the nthers. Thus, under these resolution conditions, the
simple amplitude additivity rules are expected to hold when rhe data are taken in low dispersion regions.

The data in Table IV show that the phase additivity rule is valid at least for two-component systems
in which the relaxaticn times differ by less than a factor of two (7, = 0.00055 sec, 7, = 0.00093 sec). The
error at any frequency was S percent or less, even in regions of high dispersion. The data in Table IV also
show that the amplitude additivity rules are approximately obeyed throughout the dispersion region. Thus,
either simple method may be used with the noted reliability when the resolution is poor.

The limiting factors affecting the concentration analysis are (1) accuracy of the experimental data,
(2) frequency resolution of the component critical frequencies, and (3) the basis of the analysis. In this
section, the inaccuracy in the experimental data has been neglected completely. Also, the limits in obtain-
ing concentration data under the various resolution conditions have not been fully explored.

TABLE 1V. SIMPLE ADDITIVITY RULES FOR POOR
FREQUENCY RESOLUTION )

(1) = 0.0055 zec 7(2) = 0.00093 sec

Frequency 0.5 XPhase (1) 0.5 XPhase(2) Sum  Exact % Error (max)

0 0 0 0 0 -
48 0.203 0,334 0537 0.532 1
95 o 0,389 0.603 0992 0.966 25

143 1 0.549 0.798 1.347  1.296 4
191 0.682 0.936 1618 1.548 5
239 0.790 1.037 1827 1748 5
286 0.879 1.112 1991 1908 5
334 0.952 1.169 2120 2038 N
382 1.013 1.215 2228  2.146 4
430 1.064 1.252 2316 2236 4
a7 1.106 1.281 2387 2313 4
528 1.143 1.306 2449 2378 35
573 1.174 1,328 2502 2434 3
621 1.202 1,346 2548 2483 2.5
668 1.226 1.361 2587 2.526 2.5
716 1.247 1.374 2621 2.564 25

Frequency 0.5 XAmp(1} 0.5 X Amp (2) Sum  Exact % Error (max)

0 0.250 0.250 0,500 0.500 -
48 0.239 0.222 0461 0458 1
95 0.212 0.167 0379 0372 2.5

143 0.179 0.119 0.298  0.290 3
191 0.148 0.085¢ 0.234  0.227 35
239 0.121 0.0628 0.184 0.179 3
286 0.0992 0.0474 0.147 0.143 3
334 0.0818 0.0368 0.119  0.116 3
382 0.0680 0.0292 0.0972 0.0956 2
430 0.0571 0.0237 0.080 0.0797 1.5
477 0.0485 0.019 00681 0.0673 1.5
525 0.0416 0.0164 0.0580 0.0574 1.5
573 0.0359 0.0139 0.0498 0.0495 1
621 0.0313 0.0120 0.0433 0.0430 1
668 0.0275 0.0104 0.0379 0.0377 1
716 0.0243 0.009i 0.0334 0.0333 1
19
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SECTION V

SUMMARY

It has been shown experimentally that the time lag or phase shift in the Kerr signal can be used to \
characterize certain molecules and also to analyze a particular two-component mixture of compounds. It
has also been shown by numerical solution of the Kerr response curve for mixtures that the simple phase
additivity rule breaks down when the relaxation times differ by a factor of 10, but hold for times differing
by less than a factor of 2. The amplitude additivity holds in both cases if applied at the proper frequencies,

Also, the calculated intensities and derivative spectra that were obtained under different concentration and
frequency resolution conditions are presented for qualitative evaluation.

-
s o B e g e s S

PR

The primary requirement for the applicability of the method is that the compounds under study
have either a permanent dipole moment or an anisotropic polarizability tensor. If either of these conditions
is satisfied, the compound can be oriented by the electric field. In general, any compound that consists of
different atoms which are not arranged symmetrically will have a permanent dipole moment. Also, any i
compound with less than cubic symmetry will have an anisotropic polarizability. Thus. in principle. the
method is very general- the only exceptions being very symmetrical compounds like methane.

kD i i

In practice, the method is limited by the high frequencies required to measure the critical frequencies
of low molecular weight compounds and by the attainable electric fields. THe present work has not reached
the limit on either frequency or electric field. In order to facilitate the extension to higher frequency, a
spectrometer has been designed which eliminates the need for high frequency detection electronic equip-
ment. This spectrometer (shown in Appendix VI) uses a modulation technique to allow phase detection at a
constant audio frequency while scanning the driving frequency through the range of the power amplifier

This scheme has the advantage of considerably reducing the difficulties involved in high frequency measure-
1ients. Preliminary tests of this concept arc under way.

TP T e .~ ORISR TR oA I

In the future, a temperature variation capability should be built into the apparatus. This would allow
. study of the geometry changes in the Acryloid HF-866 and other viscosity stabilizers as a function of
| temperature. Because temperature enters into the expression for the rotational diffusion constant, this
l;_ . capability would also allow manipulation of the critical frequencies. A compound that is outside the
i'
|
]
}
t
1

frequency range of tire #istrument couid be brought in by lowering the sample temperature.

Experimentally, the resonance method which has been used in this work can be extended to much
} higher frequencies. The general requirement is that power oscillators be available at the frequengy range
b required. The amount of power available from the oscillator, the frequency, and the quality of the com-

et it M

ponents used then determines the electric field strengths involved and hence the Kerr signal amplitude. The

i
{ only major difficulty in extending the frequency range of the current apparstus is the lack of high
n frequency phase lock in amplifier equipment.

vy

} Finally, our conclusions are that the different Kerr response curves of different molecules can in
? principle be used to analyze a chemical mixture. Aside from sensitivity considerations, the most important

factors in any particular mixture are the relative relaxation times of the components and their relative zero
1! frequency Kerr constants.

|

|

For instance, a compound such as the poly-y-benzyl-2-glutamate can be measured at low frequencics

l but will not interfere with high frequency measurements of other species. The practical rule of thumb for

s observing obvious breaks in the Kerr response curve appears to be that the relaxation times differ by at least .
a factor of 10. Cases in which the ratio of relaxation times is less than 10 require numerical analysis of the

mixture response curve by using control curves from the independent components. Obviously, such a

} procedure assumes that the components do not alter each other’s response curves and henice the absence of
| any appreciable molecular interaction between components.

|

|
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APPENDIX |

SIGNAL SHAPE ANALYSIS

The cptical phase difference between components of the polarization vector parallel to and per-

pendicular to the electric field is given by

5 = 2moF?

M

where / is the Kerr constant, £ the path length, and F the electric field strength. The amount of light passed

by the analyzer is given by
1=1, 502 (8/2)
when the polarizer and analyzer are crossed.
Substituting (1) into (2), the reault is
I=1,sin? (mj2F?)

Using a trigonometric identity, the intensity is

1
[=-2?- [1 - cos (2m/RF?)]

F=F,sin wt
wRE2 = k

then

I,
/= ’2 [1 - cos (2k sin*w¢))

I, 2k
I=? [i - cos( -2—(l — cos 2wt) )]

Expanding (7), the intensity becomes

Expanding sin? wt, then

1
I= -29- 1 -~ cos k cos (k ¢os 2w~ sink sin (k_cos 2wt)]

Usin
ing - “

cos (rcos@)=J,(r) +2 L "] (1) cos (nd)
n gven,
positive \

sin (7 sin@) =2 Z Ju(r) sin(n6)
n odd,

positive 4
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Wheie &) i the oylindricn! Baceel functinn the tofal intancity hecomes

I,
1=~ "l —cos k[Jo(k) +2 z "4, (k) cos (n2wt)}
2 n even,
positive
—sink|[2 ", (k) cos (n2wi) (10
1

1 odd,
positive

However, if the quantity measured is the component of / at frequency 2w, the only surviving term is
Iy = 1, sin (k)J (k) cos 2wt an
Using (5) to expand &, the result is
L= osin (W2F2) J (wRF3) cos 2wt (12)
Table V lists values of 8, sin 8, /4 (6), and sin (8) X J1(8) for the range of interest. The magnitude of 15, is
proportional to the product sin () X Jy(8), so that the last column in Table 1l gives the normalized
amplitude (/,,,/{,) of the component at frequency 2w. The maximum in this amplitude occurs at 1.7

radians, somewhat greater than the 90-degree point at 1.57 radians. The amplitude increases rapidly up to
about 1.2 radians and any increase in 8 over 1.2 is of questionable value. .

It should be pointed out that this analysis assumes a particular Ketr constant at any given frequency.
That is, the analysis here is strictly to show the dependence of the amplitude of the 2w signal on the
varlous experimental parameters at any particular frequency. For the frequency dependence of the Kerr
constant and phase shift, refer to Benoit’s paper in Appendix VIL.

TABLE V. MODULATION PARAMETERS

& (radians) | siné Ji(oy | sins XJy(8)

e
=3

0.0 0.0000 0.000

0.0998 | 0.0499 0.0050
0.1987 | 0.0995 0.0198
0.2955 | 0.1483 0.0438
0.3894 | 0.1960 0.0763
0.4794 10.2433 0.1166
0.5646 | 0.2867 0.1619
0.6442 | 0.3290 0.2119
0.7174 | 0.3688 0.2646
0.7833 | 0.4059 0.3179
0.8415 {0.4401 0.3703
0.8912 | 0.4709 0.4197
09320 | 0.4983 0.4644
0.9636 |0.5220 0.5030
0.9854 10.5419 0.5340
0.9927 10.5579 0.5538
1.0000 | 0.5663 0.5663
0.9996 | 0.5699 0.5697
09917 |0.5778 0.5730
09738 |0.5815 0.5663
0.9463 ]0.5812 0.5500
0.9093 ]0.5767 0.5244

N s - —_ 00000 e
~

commrihupbhiivmDOXTNTLBEWS—
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APPENDIX iI

THEORETICAL BASIS CF T'ME LAGS

The theory for the dependence of the Keir constant on the frequency of the applied electric figld has
been summarized by H. Benoit. Using the laws of Brownian motion and changing parameters according to
the mechanism, he arrives at differeat results for the two orientation mechanisms. The orisntation by a
permanent moment leads to the result

A=A | cos (2wt —§,) a
1= An, | ————
A TRy oI e

where An is the observed difference in indices of refraction, An, for d.c. voltages, 7= l/(JD). D being the
rotational diffusion constant, aund

(an By = e
an
1T Rt
For the cuse of orientation by an induced moment, the corresponding equation is
cos (Rwt — &)
An=A4An, | | + —g= 3)
1+ 372
with
tun §, = wr 4)

In the case of the permanent moment orientation, the magnitude of the Kerr constant goes to zero as the
frequency of the electric field increases, with the phase {ug of the observed signal going to 180 degrees in
the limit, By contrast, the induced moment Kerr constant goes to half the d.c. value and the phase lag goes
to 90 degrees at high frequencies. The critical frequency in the permanent moment case is determined by
finding the puint at which the signal is shifted by Y0 degrees and solving the equation for tan &; = =, This
leads to the equation

© | :
\/(: )

For the case of an induced moment, the point at which the signal is shifted by 45 degrees is given by

D=

D== 6
3 (6)
the rotational diffusion time is given by Boeckel. et al.,* as
- kT 4
= ;Z;(log L--log 0.8 R) 7

where L is the length of the molecule, R is the cross section dimension, and 7 is the viscusity of the solvent,

*Boeckel, G., Genzling, J.. Weill, G.. and Benoit, H.. J. Chim Phys, 59, 1962, 999.
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APBENNIYX 111
EXPERIMENTAL CONSIDERATIONS
Y Figure 22 shows the clectrical analogy of the Kerr system. The capacitor K in Figure 22 represents

the Kerr cell: its capacitunce is spproximately 100 pf. This capacitance K may be neglected in the linear
analysis. since 10is in parallel with a much larger capacitor and thus contributes little to the total capaci-
tance of the circuit. In other words, K acts as an open cireuit at low frequencies.

by

The inductor £, (decoupling transformer) in Figure 22 acts as a short cireuit helow 3 kHz and the
capacitor Cy 1Is chosen to act as a short above 3 kHz so that these two components have little effect on the
operation of the circuit shown in Figure 22,

R~ 600

AR Y
.2 11K Variable R = R + Rac

| AN —

vg = Vg sinwt Cy = 0,005 uf J\
i° Vs 1 L=t L >
Ke 100 pf = }_
r Cp = gl.,numh (’V c
T 0,02 yi
d l

‘i.—

. FIGURE 22, ELECTRICAL ANALOGY OF THE KERR SYSTLEM FIGURL 23. A SIMPLE
R-LC CIRCUIT

The electrical circuit under these assumptions can he ropresented as a simple R-L-C clrcuit as shown
in Figure 23,

In Figure 23, R represents the real and a.c. resistance basically in the inductor L. The total resistance
R is approximately 60 ohms at low frequencies. The shmple R-L-C circuit in Figure 23 can be tuned for
resonance by varying the inductor L which is an 11-henry variuble inductor. In the R-L-C circuit of Figure
23, use is made of series resonance to produce the large driving voltages that are necessary for laser intensity
modulation in the Kerr cell.

The loop squation for the circuit in Figure 23, assuming zero initial conditions, is

Idi+R1+lfridt (1
. = - =y,
dt ) ¢

The complementary function, or the transient part of the current in Equation (1), is independent of

' the excitation and can be found from the homogeneous equation in operator notation:

L
LD 4 RD+ = iy =0 )

25
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The characteristic equation corresponding to Equation (2} is

! :
15% + Ry =0 (3) |

which has two roots:

o

Therefore

ite = Kyeft + Kye'2! 4

where Ky und A, are two arbitrary constants to be determined from two initlal conditions when 7 is
determined.

PR

In solving for the transient condition. three different sttuations are possible depending on the values
of R, L. und €., - *

(Case §) )

3
RY_ L I
% lz‘.or R>.’. ¢ b is real .

Qe = ¢ "R P+ Kyem PN (5)

Since & > b, the transient current consists of two exponentially decreasing components with different rates
of decay. This is called the overdamped case tnd occurs when the resistance in the cireult of Figure 23 s
large. The exponential function of Equation (4) with resl components can be exprossed in terms of
hyperbolic sines and cosines,

¢! = cosh bt + sinh bt
¢ = cash bt - sinh bt
iy i then
P man . .
fep =€ T (Ay cosh bt + Ay sinh br) {0)

where the constunts 4, and o, stand for (Ky +&;Yand (A, K;). respectively.

B e aa L D S

Case if .

( ) R
R\? 1 L .
=] =~  R=2 /= b=0 . -

2L LC ¢ 1

Under this condition, the characteristic Equation (3) has a double root, and the transient solution : ‘

hecomes
i =(Ky +Rye & (7
26 ‘ .
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The wwo erms in Equation (7) are n.noscillatory .,

(Case ifi)

= “UK, PRy Y (%)

Now
/Pt = cos Br +f sin Bt O]
e M= cos Bt jsin g (10)

Substituting Equations (9Vaad (10) into Equation (R) gives
Y 74 . ;
Fep S (A cos B+ A, sin i) ()
Equation (11) is the case of the transient current in the Kerr resonant circuit in which R < 23\/1./C
where C is approximately 1072Fund L is avariable 1 1-henry inductor. This case is called the underdamped
case and occurs when the resistunce in the circuit is small.

The steady-state solution can be determined from Equation (1) whenv, = V, sin wr.

The impedance concept is simplest to use when an applicd voltage is sinusoidul. The impedance of a
series R-L-C circuit to a current of angulay frequency e is

; 1 (12)
Z=R+jwl +—=-= 7|0
JwC
where
l 2
\Zl= R* + (wl.—»c—‘) (13)
w
and
1
wl, =
o w(
0,=tan"' - (14)
The steady state current, then, is
V
. X .
Iye = == sin (wt — ;)
¥4 ;
1
v wl. -~ E
s *7—’ sin\ wr  tan ' -- R ad {15
R* + (wl e
wC




The total current i is the sum of iyg in Equation ¢15) and i;, in Equation (11):
P =iy (16)
i - V! .
i=e %A, cos ft + A,y cosBl)+{z—\sm(wl - 8,) (17

To solve for the constant A4, and A, the initial conditions of the cireuit in Figure 23 must be
known. In the Kerr systent. #0) v and ¢(0) = 0: therefore. from Equation (17) at ¢ = 0.

ll
0=A, — 7_%‘-sin 8,
il
V
Ay = jl sin 0, (18)

Knowing that ¢ = (di/drn. A, can be solved for by differentiating Equation (17) and letting (di/dt)
equal zerosince

(U)-di(ob-o
9 dr

or
di ¥
L —=—sin wrt
d¢e L
andut7=0
d Ve 0=0 19
Pty sin0 = (19)

Differentiating Equation (18) gives:
di 2 )
(_lt=c '(-A B sin Bt + B4, cos B

~ (A, cos Bt + A, sin fr) e
+l—Z’-:wcos(w! --8;) (20)
Substituting Equation (19) into Equation (20) at ¢ = 0 gives
Ve
0=.BA;—aA,+|Z~|wcosB, (20
Replacing A, with Equation (18) in Equation (21) gives

0=84 Yoy 6, + Vs ]
= (43 im “=( €O
T iz :
Vg
Ay =—=(asinb, - wcosd 22
2 Blzl H z) ( )
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Replacing 4, and A, in Equation (17) with their equalities gives the complete equation for the total

. - . -4 M sata Al . e .
curient in il it of Fipers 23

V [ (asin@, wcosb,)
i= 0 A gin b cos fr +-—— =72 G0 t-l +sin(wt 0 } (23
2| L3 O s 0 8 ] { 1) )

By knowing the appropriate values of the components in the R.L-C circuit of Figure 23, onc can
determine the current and voltage as a function of time by using Equation (23). The transient current will
become more important at high frequencies when the circuit in Figure 23 is pulsed with a high voltage

spike.

The magnitude of the steady-state current in a series R-L-C circuit with respect to frequency is

V,
£ (24)

“ss‘ = f 1 2
(o)
» wC

It can be seen that {74l is maximum at an angular frequency wg where

|
wrpl.——--=0
R (a.)RC

or

1
25

Wp & e
ROViC
In terms of frequency,

wR N
(26)

fr= =7

2n ZN\/Z?

In Equation (26}, fx is denoted as the resonant frequency. The maximum vajue of [l can be
denoted Ly /,,,. Then, at resonznce,

.
1Z|=R
9,=0 27

In

Ve
R

In Figure 24, typical curves for normalized cunent magnitude are plotted, | iy1/1,, for two values of
R. The -..agnitude of the steady-state current decreases as frequency of the applied voltage deviates from
the resonant frequency, but the rate of decrease is slower for a circuit with a higher resistance.

The concept of continuous driving of an L-C tuned circuit has proven to be a useful one in the
experimental work to date. Voltages in excess of the breakdown voltage of the inductors have been
achieved from a 75-w oscillator. When extensions of the concept are considered, it becomes apparent that
the situation does not deteriorate until frequencies of over 1 MHz are considered. For instance, at 1| MHz, a
Q of approximately 100 can be obtained with relative ease. Also, an inductor of 3 mH will resonate with a
10-pF capacitor, leading 1o a resistance of 180 ohms. For a 10-w oscillator, the current will be 3000 v. Qur
cell separation is 3mm, giving 10,000 v/cin as the field strength across the cell. The pertinent equations are:

29
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IIGURE 24, RESONANCE CURRENT CURVES
FOR A SERILES R-L-C CIRCUIT

2m/L.C

(28)
V= VR + VC + VL

V=1 (R + jwl + —l )
jwlL

At frequencies over 1 MHz, the power requirements
for continuous driving become too stringent. At 10
MHz, a 10-w oscillator driving a 3Q-uH, 10-pF tank
circuit, weuld yield only 3600 v/em. This difficulty
may be alleviated by using a triggered thyratron to
increase the peak power into the circuit. The

thyratron would be triggered to put its power into the circuit in a very short time (less than 0.2 cycle), but
would do this at a low frequency. If the thyratron delivered an average power of 10 w but did this in equal
pulses (at 100 pulses/sec) which were 0.1 cycle wide at 10 MHz, the peak power into the circuit would be

107 w.

The peak power during the pulse may be cut down by increasing the repetition rate so that the

power/pulse goes down, This can be done, if necessary, to avoid breakdown from very high peak voltages. -

The mathematical analysis of the signal waveform resulting from a pulsed system like this becomes very

cotnplicated.
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APPENDIX IV
DERIVATION OF THE MIXTURE EQUATIONS
The basis of the analysis is that the separate components of the mixture do not interact significantly
with each other. That is, each component is assumed to move independently of the others. This is a reason-
able assumption for materials which do not form intermolecular hydrogen bonds, charge transfer complexes,
etc,
Under this assumption, we may write*
an(w) =2 ey n(e) ()

where An(w) is the total Kerr constant (written as the difference in indices of refraction), ¢; is the concen-
tration of the ith component, and An(w) is the Kerr constant of the ith component.

At w = 0, Equation (1) becomes
an(0) = E;c,An,(O) (2)

where
Angw) = And0)f(w) 3

Equation (3) is from Benoit's paper, with f;(w) being given for molecules with a permanent electric dipole
mornent as

1 + cos (2wt — §))
21+ 93 7H4) W1 + WAV + 9wiri4

flw)=

@

6;=tan"! DT

2 - 3wt

We can then form

) ‘Zc,An(O}fi(u)

an(0) _);c,An,(O)

(%)

which will give the normalized Kerr constant as a function of frequency. If we use the trigonometric identity
cos (x — y) = cos x cos y + sin x sin y in Equation (4) and insert Equation (4) in Equation (5), we get

an(w) 1 cos 8; cos 2wt
{4_,6‘1 {0 )[2( " +

An(0) +9wird4)  2/1 + Wit V1 + 9w rP/4

sin §; sin 2wt

+ 6
2/1+ W] ri\/l+9wz‘r,2/4:|} ?c,Am(O) ©)

If Equation (6) is put into the form:

*In terms of the Kerr constant of Appendix I, j(w) = (An(w)/sz B
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e, A+ Bcos (2wt - 8)
An(0)
then
- 1an0)
A= [Zzu + 9(..;27‘2/4)} / ¥ ciando)
¢;An0) cos §, 2
B =
“ {[;2‘/ L+ o VIt 9w=f,’/4.]
¢ dn{0) sin §; 2512
' : Ang(0
F Ni+e Wi+ %H%/‘J } / 2 cbn(©)
and

5 \ Z ¢ Anf0)sin §; z ¢ Ang0) cos §;
}=tan” = =
(w [, N+ Wi VI +‘)w’rf/4]/[ W1+ 1+ 90 4

Beginning with the basic equation,
1=1,sin’ §/2
und the relation for vptical phase difference,

2l
§=—2Aan
A

and substituting (7) into (12) and then (12) into (1 1), we have
aAn(0 mlAn(0)
1=1, sin [- ;!—)A + e B cos (2wt - 8)?]

To simplify notation, we let

LAn(0 An(0
4= m n() i (-)B

-A and B'=

Using sin® x = (1/2)(1 - cos 2x) and then cos (x + y) = cos x cos ¥ — sin x sin y, we have

-

If t ' ' . 1)
I= j,—’ {) cos (A4') cos [B cos (2wr - 8)] + sin (AYsin |B' cos Qi — 5)]}

Using identity (9) in Appendix {, the relationship becomes

I ! 4
l=—"{| Ceos (AW BY+2 3 M(B) cos (2wt - nd)]
2 neven
positive

Ssin(49)2 Y B cos (2wt - 8)) }
nodd
positive
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Selecting the 2w component, the expression is

Iy =15 sin (AVJ{# Y eos (2wt - 8)

The derivative of Equation (16) is given by:

dihbul 1o wy g A
———=—Jcos (A'W,(B) — + sin (AW,(B) -sind'J(BYB') —
dw 2 dw dw

where
e 0wt}

onean(o)| & FAMT

' A 1 + 9wt} /4)?

dw 2 ¢;an,(0)
i

daB' n*An?*(0) df, df;
—_——_— " LA - . 0 2
dew B’ (fl de f2 dw) (;(i i ))
_ c,An,(O) Cos 5,
fis iz\/l + w1l I+ 9wT T4

dh _ ¢ An(0) — { — sin 8,(w) d6,(w)
dw ;\ﬂ+w’r,’ V1 +9wi7dja y

dew
) 90t} + wr}
s Bl 9t a) (1 + with)

P Z ¢;Any(0) sin &,
: [ VI+ Wit 1+ 9?7} /4

dfs c;Any(0) dbw) |
—_— cos §,(w —sin § (w
dw ‘z\/l + i 1+ 90?11 4 | ) dw )

9eor? N wr}
401 + 9?7} /4) (1 + WP1})

ds; 1 107, + 15w?r}

do Swr; \2 (2 - 3wir?)
w (l+ | )( wr,)‘

2 - 3w}

and
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APPENNIX W

COMPUTER PROGRAM FOR NUMERICAL EVALUATION

OF MIXTURE EQUATIONS

PROGPAM MATN(INPUT»OUTPUTSTARERO=XINPUT)
VIMENSTON DBDW(500) ¢PHASE (A00) o INTENS {6001 +FREQ(600)C{10)TAULLO)
NIMENSION AMP(600)

COMMON AMP s PHASE + INTENS+FREQeCoTAUDBDW

REAL INTENS

CONTINUE

PRINT 99

FORMAT (1K1}

READ  100«Ne(TAU(L)e]lxm]eN)

PRINT 200N (TAUL1)sInleN)

FORMAT (1 X+e22HNUMHER OF (ONSTITUENTSe13924HRELAXATION TIMES (SEC=1

) 10F7.5)

REFAD 101 (C{l1)el=1eN}

PRINT 201¢(C(I1)el=leN)

FORMAT (5X 9 14HCUNCENTRAYTONS s LOF745)
FOPMAT (2X+12+10F7.5)

READ 101 WMINsWMAX
PRINT 111 eWMINsWHMAX
FORPMAT (SX s 24HFREQUFNCY RANGE IS8 FROM +F7.092HT0¢F7.0)
FORMAT(10F7,0)

RM=N

NDEL = (WMAX=WMIN)/(6U,%RM)

W = WMIN

1 =)

CALL EQUAT(loNow)

FREOD(T) = W/(2e%3.1416)

W o= WeDEL

1 =2 1+1

NN = |

1F (W ,LE. WMAX) GO 10 |
NN = NN=|

PRINT 102« (1«AMP (1) 9PHASE (1) o INTENS{I)oFREQ(I) v I=)9NN)
FORMAT (PX»]1244E2045)

CAILL KERRPLINNsUo])

READ 101+CASPER

1F (FOF+60) 10004)001

CONTINUF.

STOP

END

SURROUTINE EQUAL (LLelteW)
DIMENSTON NDBOW(600) ¢PHASE (600) « INTENS(6U0) oFREQ (600 1C(10) +TAU(10)
NIMENSION AMP (600)

COMMON AMP s PHASE » INYENSeFREWQCo TAUDBDW
REAL INTENS

1F (LL oNEs 1) GU JO 1

SCORE = 0,

No 2 I=1sN

SCORE = SCORE+C(])

CONTINUE

AzQ,

NACW=0e

ST = 0.

CT = 0.

CTP=0,

STP 20,

NO 11 1 = 1N

X = S OWETAU(T) /7 {2.=3.*WHWHTAU (L) #TAU(]))
NEL = ATAN(X)

TF INEL «LTs 040) DEL = DEL#3.14159

Y = JeWHWHTAU(])®TAU(L)
7 = 149, tudWeTAUCTIIITAUC]L) 74,0

NDELDW={ (10.*TAUL(]) P15 eWEWRTAU(TIN®3) / (24=30

9 HWHWETAUCTI#TAUL]) Y ue2 )/ (feX®X)

CTP=CTP+(CII)/SUKRT (y#Z)) ¥ (=SIN(DEL) *DOELDW=COS(DEL) *(9e*wW
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9 aTAUCTI®TAUCT)/ (4o %2) »W*TAUCTI®TAULT) /YY) : l
STPaSTPe (€ (1) /SURT (Y82)) 4 (COS (DEL) #DDELDW=SIN (DEL ) * (9. %W#TAU (1) #
O TAUCIN /(4 #Z)wBTAULIY#TALITI) /YY)
DADW  SDADW  =CH1) %9, We (TAUCI} #92) /((2,%2)%#2)
Az AeCITI/(2,92)
CT = CTeC{1)%COS{DEL) /(24 %SQRT(Y#2))
11 ST = ST+CUI)#SIN(DEL) /2. %50RT (Y#Z))
Aa/SCORE ,
DADW=DADK /SCORE '
C PRINT 100+LLoXoeDEL9Y1ZeCTo3ToSCORESW
! A = SORT(CT*CT+ST#ST)/SCORE
F DBOW(LL) = (CT#CTP+ST#STP)/ (SCORE#SCORE*8)
B
{

PHASE (LL) = ATAN(ST/CT)
IF(PHRASE(LL) «LTe 04}PHASE(LL)=PHASE (L)) *3414159

F A= 3.14159%.00)%A
ok Hoa 3.14159%,001%8
o AMP (LL) 2B

e an e L3 S AR S it s

INTENS (LL)=SIN(A)#l (S51(B)*H :
OBDW(LL)=((COS(A)#BESSL(B)*B) #DADW  +SIN(A)®(BESS0(8)=BESSL(B))*

o

; NROWILL))*,00143,14159 :

. ¢ PRINT 1009LLsA>BePHASE(LL) X+ INTENS (LL) !

o 100 FORMAT{2X+1348EL14.5)

. RETURN ,
END 4

L FUNCTION BESSO0(Z) :
DIMENSION X(22)sY(22)

Y(1)=1. !

Y(2)2,9975 1

Y(3)%,99 ’

Y(4)2,9776 :

| Y{5)=,9604 :

! Y(6}2,9385 :

‘ Y(7)=,9120

i Y(B)x,8812

| Y(9)=,8463

b Y(10)=,8075

|

1

t

l

e n

Y(ll1=,7652

Y(12)2,7196

Y(13)=,6711

Y(le)w,8201 .
Y(15)=, %669

Y{l6)=.S1)8

7117 %,6564

v(18)x,3980

Y(19)2.3400

Y(20)2.2818

Y(21)%,2239

Yi22) %, 1666

: X(1) = 0.

i X(2)
o X(
1 X14)
0 X1(5)
i ;G x{6)
§

R e Lt L U

- sver

el oo A s A E Sl i 2 i

X(7)
X (8)
X (9) |
‘ X(10)% 49 i
! X{(11)ube0 i
i X(12)=l.1 .
‘ X(13)=),2 !
i
1
!
1
'
|

N RE MU
o
.
&

X(14)21,43
X(15)=],4
x{16)=},5
X(17)x=1,6

X{(18)=],7
x(19)=1,8
X(20)=1,9

e g e e o




X
-4
5]
4
x{211s2, q 1
Xt22)=2.1
L=l 4
00 1 I=1,21 I
F(XII) oLTe 2)IL=I y
1 CONTINUE . B
AESSO Y (IL)+(Y{ILel)=Y(IL)) ®(Z=XC(IL)I/{X(IL+))=X(IL)) ~.
! RETURN By
3 FUNCTION RESS] (2)
, . NIMENSION X(22) »Y(22) s
' : lF(‘c‘.‘ OEQO 0.)60 T0 10
: 3 GO0 70 11
; , 10 BHESS] = ,5
% 60 T0 12
ok 11 CONTINUE
o ] Y(1) = 0,
I Y(2) = .,005
_ } : Y(3) = 0198
P Y(4) = ,0438
o} Y(5) = .0763
) { Y(6) = 1166
ok Y (7)) = ,1619 :
Ep Y (B) = ,2119 j
. Y(9) = .2646 3
g v(10) = ,3179 .
;t : Yt(ll) = ,3703 A
L | Y(12) = 4197
i E Yil3) = 4644
1 Yil4) = ,5030
N ] Y(15) = .5340
i Y(l6) = ,5538
I Y(17) = ,5663
Yl ¥(18) = ,5697
P . Y(19) = ,5730
O Y(20) = ,5663
' ) Y(21) = ,5500
i Y(22) = 5244
i X(1) = 0.0
$} E X{2) = .}
; 7 Xi3) = L2
¥ [ X(4) = o3
B X(S5) = 4
| X(6) © o5
‘;| x“’) T 46
i X(8) = .7
¢k X{9) = 48
ik X(10) = .9
| X(11) = 1.0
: X121 3 1.1
' X(13) = 1.2
X(14) = 1.3
X{(15) = 1.4
X(16) = 1.5
X017 = 1.57
4 X(18) = 1.6
X(19) = 1,7
3 X(20) = 1.8
! X(21) = 1,9 ?
- x(22) = 2.0 1
S =1 )
: i - DO 1 Iel,21 .
P b
- !
’
i
]
i i ;
1
37 s
h
: 3
) :
E ALY 85 e 75 8 0 Bt e oe o oo o . e e e it




LI

IF §A{L? siie £0iL =

}  CONTINUE
HESSI=Y (TL) + (Y (ILe) =Y (IL)}#(Z=XIIL)) Z(X(TL ) =X (IL))
RFSS1aRFSS) /27

! 12 CONTINUE

Y RETURN

b3
e B

END

SUHROUT INE KERRPL ( IMAX 1KKsNN) !
c IMAX 1S ND. OF INPUT POINTSsKK=0 PRINTS VARIABLES,IMAX/NN IS NO, OF PUINT
c S PLOTTED.

DIMENSIUN DBOW(600) s PHASE (600) ¢ INTENS (6001 +FREQ(600)+C(10)9TAU(LO)

DIMENSION AMP(600)

COMMON AMP +PHASE + INTENSsFREQ+Co TAU»DBDW :
P NIMENSION LINE(115) :
i OATA(RLANK=ZLIH )¢ (DOTZ)Ha) 9 (STAREIH®) o (XPTRIHX) o (YPT®IH=) s (ZPTE1HO) : .

; REAL INTENS i

: INTEGER BLANKsDOTsSTARsXPTIYPT2PT i
N IF (IMAX) 24142 '
1 IMAX = 50 _
2 CONTINUE '

IF (KK) 10411410

.

: 11 PRINT 109
wo! 100 FORMAT(1H1 20Xy 9HAMPLITUDE+11Xe 1OHDERIVATIVE 10X 9SHPHASE » 15Xy

ot 9 GHINTENSITYe11Xe9HFREGUENCY)

'; PRINT 10Ls(I1+AMP (1) +DEDW(T) +PHASE(I) o INTENSCI)oFREG(I) o I=]1¢IMAXY
! 9 NN)

. 101 FORMAT(1H +SX+15+5E£20,.5)

10 PHMAX = ABS(PHASE(1))
AMPMAX = ABS(AMP (1))

o RNTMAX = ABS(INTENS(1))
! DBOMAX=ABS (DBDW (1))

! NO 3 [=24IMAX
ij IF (DBDMAX oLT. ABS(DRDOW(I1)))DBOMAX=ABS (UBOW(])) )
f [F (AMPMAX LT, ABS(AMP{])))AMPMAX = ABS{AMP(I})
i IF (PHMAX oLT. ABS{PHASE(]1)))PHMAX = ABS(PHASE(I))

i IF (RNTMAX oLT. ABS(IMNTENS(I)))RNTMAX = ABS(INTENS(I)) .
3 CONTINUE . i
PRINT 107
107 FORMAT(I1H1911Xel7HMAXIMUM AMFLITUDE 93X+ 1BHMAXIMUM DERIVATIVE
9 2Xy13IHMAXIMUM PHASE »7X s 1 THMNAXIMUM ENTENSITY) :
PRINT 102+AMPMAX sDBOMAX+PHMAXsRMTMAX

[

—en

Vi 102

' k4
L 103
T 20

x-

A ———n - an e

FORMAT (11X+4E20,6)

No 7 J=le115

LINE(J) = DOT

PRINT 103«LINE
FORMAT(1HO+115A1)

NO 20 J=]l.115

I INE(J) = BLANK

NO 61 = 14IMAXINN
LINE(56) = DOT

K 3 55,455,%AMP{])/AMPMAX
L = 55.+55.*PHASE (1) /PHNAX
M 2 SS.¢55,#INTENS (1) /RNTMAX
N=55,455,%0BDOW (1) /DBDMAX
K = Ke}

L=i+1

MxM+]

NaNe]

LINE(K) = STAR

LINE(L) 3 XPT

LINE (M) = YPT

L INE (N) =2PT
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PRINT 10S4LINE.I
FORMAT (lAei1DA 1Y 1a)
LINE(K) = BLANK
LINE (L) = BLANK
FINE IN) =B ANK

6 LINE(M) = BLANK
PRINT 106

-
<>
(8 )

106 FORMAT (20X s 6 1HLEGEND #*#AMPL I TUDE » ®sPHASE = Xy

SVATIVE = 0)
RETURN
END
0000000000000060000000
1 .00}

[ ]
13000,
1.000)3

I

13000,

1 0001
1.
13000.

2 001 L0001
5 5
13000,
2 001 .0001
8
13000,
2 001 L0001

.B .2
13000,

3 001 «0003 L0001
#333 L3321 +333

13000,
2 <001 40003 L0001
.2 .2 Ib
13000,
3 001 40003 .000l
N .2 o2
13000,
3 .00l .0003 ,u00l
.2 .6 .?.
13000,

2 400055 ,00093
0. 18000,
2 +00055 00093

l L]
0s 18000,
2 ,0005% .00093
+5 o5
0s 18000,
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APPENDIX Vi

DIFFERENTIAL KERR SPECTROMETER

One disudvantage to measuring the Kerr effect direcuy is that the measuring equipment must have
response at the frequency of the applied electric field. At frequencies above 100 kHz, such equipment
becomes tiore specialized and more difficult to obtain. Qutlined herein is a scheme which reduces the
electronics requirement to measurements at a constant audiofrequency. but which measures the Kerr
response curve as a function of the frequency of the applied field.

Recalling the typical Kerr response curve (Fig. 25a). it is of interest to show the function d i 8 |/Jd)f

(Fig. 25b). This function peaks at the critical frequency and has a half width which is directly related to the

breadth in frequency of the dispersion part of the Kerr response curve The peak amplitude of the d | B |/uf

JEL N\, |

f f

FIGURE 25. KERR RESPONSE CURVE ANDI'TS DERIVATIVE
WITH RESPECT TO FREQULENCY

curve is related through experimental constants to the amplitude of the | 81 curve. The area under the
d | B |[df curve is a direct measure of the amount of decrease in the | 8 | curve. That is. an integral of the
d | B I/df curve with frequency reproduces the | B | curve when the integration is begun at high frequencies.

The principal advantage to using a device measuring J | 8 |/df is the simplification of the experimenta!
arrangement. The device could be made as shown in Figure 26.

The feedback is used to drive the power amplifier at the frequency to which the L circuit is tuned.
That is, the system is a self-oscillating one. The capacitor €, represents the Kerr cell itself. while Cy is a

.

Wide band —— —
power amplifier <y ]

FIGURE 26. BLOCK DIAGRAM OF DIFFERENTIAL KERR SPECTROMETER

time-varying capacitor. The capacitor (; may be a motor driven rotating capacitor, or it may be paralle
plates mounted or a tuning fork. The analysis of the circuit given below is based upon a tuning fork
capacitor. The basic equation is:
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|
= e (1)
2nait
and here
C=( +(C,y (2)

Based on two parallel plates set a distance 4, apart at equilibrium and having an amplitude of
vibration d,;, (' becomes

k
€= e ©)
d, +dy sin wt
Substituting for Cin Equation (1), we get
1
f= = @
n \/ (C, + ——~——,~—)
du + d] sin wt
Expanding fin a Taylor's series as a function of sin we, substituting
. 1
o
2a f —
1 do
and
C = k
o,
we get
e, Gy di
F=fo—fo—72 —sinwt+. .. )

A + G ) dy

All factors in the second term are less than one and indeed should be arranged so that

& d
__‘._3_9__._ LYY
AC, + Gy )d,
so that the expansion is a valid one. It shows that the experimental arrangement diagrammed above will
have a time-varying frequency centered around the central frequency f,,.

The effect of using this arrangement would be to produce a signal at the detector which is propor-
tional to the vate of change of the Kerr constant over the frequency range scanned. That is, a signal will be
preduced at the modulation frequency (fiequency of the tuning fork) which will be greater at one end of
the modulation cycle than at the other. The magnitude of this difference is proportional to the slope of the
Kerr response curve at that frequency.

Derivative measurements have been used in miagnetic resonance experiments for some time, and have
proven useful in that greater resolution is possible than when straight absorption measurements are made.
The primnary reason for wtilizing this scheme is 1o eliminate the need for phase detection at the rf
frequencies. The equipment requirements are reduced to a low frequency phase detector and a wideband
power amplifier. The simplification makes possible measurements that would otherwise require much time
and effort in construction of suitable equipment.
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APPENDIX ViI

STUDY OF THE RELAXATION TIME OF THE KERR EFFECT
BY ALTERNATING CURRENT*

by H. Benoit

SUMMARY

We have realized an apparatus permitting the measurement with alternating current of the instan-
taneous value of the birefringence in its phase shift with respect to the applied voltage.

With this apparatus, we have studied a solution of tobacco mosaic virus for the frequencies between
25 and 20.000 cps. This has permitted us to give, for the first time, a verification of the theories of the
birefringence in alternating current. We have thus measured the mechanism of orientation and measured the
rotational diffusion constant of the virus particles. The value found is in good accord with the valucs *

determined by other methods.

f Introduction

2,3 have studied the electric birefringence of colloidal suspensions, with alter-

Numerous authors(!
nating current but the results obtained seem rather contradictory. It is, thus, that one often talks of : !
anomalous birefringence. We have therefore proposed to study this phenomenon in a systematic fashion to ;

cetermine the laws that permit a final account.

|

P

} Before describing the apparatus that we have used in the measurement that we have cffected, we will

| . review bricfly the theoretical results that give, in this case, the application of clussical laws of Brownian .
E diffusion. This theory, developed by Tummers(4) and Gutton(5), is found exposed in a memoir of Peterlin

} and Stuart(6), and it is under the form that these last have given it that we are reviewing the broad outlines.

Theory of the Electric Birefringence in Alternating Fields

Let us consider a medium made up of particles forced by an electric field. One knows that the
function of the distribution f of the orientations of the molecules at time ¢ is a solution of the differential
equation which expresses the general laws of Brownian movement

1 - 1af
U+ —divfgradw=— — 1
viftondivie b (N ‘
In this expression, K is the Boltzmann constant, T the absolute temperature, w the energy of the r

|
| particles at a given instant, and D their rotational diffusion constant, a function of their volume, of their
} . elongment and of the viscosity of the medium.

In order to determine f and, thus, the birefringence of the medium at a time. ¢, it is necessary to carry
‘ in this equation the value of w corresponding to the mechanism of orientation adopted, then to integrate
E . while taking account of the conditions of the problem.
|'

Now, when one knows the mclecular theory of the Kerr effect, one sces in general two mechanisms
for the orientation of a molecule:

. (1) Orientation by action of a field on a permanent electric mument carried by the molecule.

, (2) Orieniation due tc the electric anisotropy of the molecule.

*Translated from the French by R, E. Linder.
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These twa mechanisms coexist in general but, as the term due to the permanent moment is large
compared to that of the anisotropy. one can separate the two cuases.

For example. it we suppose that the electric field applied to a solution is of the form: £ = #,,/2 cos
wt, where w = 2N, N being the frequency of the ahiernating field, and we call An,, the difference between
the indices of the medium i the direction of the applied fieid and in the directton perpendicular. when it is
subjected to a constant field fp .

In carrying successively in Equation (1) the values of w corresponding to the two mechanisms of

orientation envisaged, one can integrate the differential equation and one finds for the birefringence An at
time ¢ the following expression:

(1) If the orientation is due to 4 permanent moment carried by the molecules:

[ + cos (2wt - by)
9 T4 wir? 9
i +Z wir? \/ \/:'Zo.ﬂT:

where 7= 1/(3D) and where &, is defined by the relation:

an = An,

Swr
tand, =

2 dwlrt

(2)  If the orientation is uniquely provided by an induced moment, one obtains:

s(2wt 8
An=An,,[l+E(-)f(wr ')]

Narr
&, being defined by the rclation: tan §, = cwr,

One sees that, in these two cases. the birefringence oscillates between the two extreme values that are
functions of the frequency of the upplied field und which coincide when this frequency is indefinitely
increased. In the first case, the birefringence tends toward zero, while. in the second, it tends toward the
median value An,,. Figures | and 2 represent graphically as a function of log wr the extreme values of
AnfAn,, also the value of 6. Figure 1 in the case of orientatior dipole moment. Figure 2 in the case of
orientation of an induced moment.

One sces that the aspect of the curves is entirely different and that their experimental determination
permits the determination of 7. as well as the rotational diffusion constant of the substance studied.

B Exoerimentel Apparatus

In order to determine if the theory that we have enunciated applies to the problem that we have
posed, it is necessary to measure, as i function of frequency. the maximum birefringence. the minimum
birefringence. as well as the phase shift. We have therefore realized an apparatus permitting the determina-
tion -t these quantities and of which the schematic diagram is represented in Figure 2.

A luminous source (a1 incandeseent lamp) sends a narrow paralle! beam to traverse & Kerr cell placed
between two crossed Nichols. A signal generator furnishes the sinusoidal voltage which one can vary the
frequency. Tt is followed by at amplifier the output of which is relayed directly to the terminals of the
sample cell and to the horizontal deflection plates of an oscilloscope. A photomultiplier g is placed behind
the analyzer, it is followed by g large band pass amplifier from 20 cycles to 6 megacycles without phase
distortion: the output of this amplifier is relayed to the vertical plates of the oscilloscope. The tube that we
have nsed is a deep tube with a blue spotiit functions with u post-aceeleration voltage of 3000 volts, which
permits us to photograph the oscillograms easily.
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Figure 1, Orientation by a permanent moment, i
Plane curve: maximum birefringence, minimum and median, f
. Dotted curve: dephasing between the bire fringence and the applied ficld, .
The abscissa: the frequency of the applied ficld, o
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L, . Figure 2, Orientation by induced moment, i
§ Plain curve: maxemum biretringence, minimum and median, ’ :
' Datted curve: dephasing between the birefringence and the applied field,
The abscissa: frequency of the applied field, i '
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Figure 3. Schematic diagram of the principal Figure 4. Oscillogiam obtained while observing
parts of the apparatus. nitrobenzene: frequency 10,000 cycles, the
applied voltage 500 volts cffective.

Under these conditions, one obtains on the screen of the oscilloscope a curve unalogous to the
Lissajous curve of orler 2, because the light is modulated at a frequency double the frequency of the
exciting voltage. In order to deduce from the curves the value of birefringence An, it is necessary to know
the origin. That is to say. the ordinate on the oscilloscope screen of the trace corresponding to An = 0. For
this. we have utilized the foliowing artifice. A turning disc is placed in the path of the luminous bearn and
interrupts the luminoeus beam at around 100 times a second. Under these conditions, at the moment when
the beam is interrupted, the spot describes a horizontal line which coincides with the line An = 0, if one
neglects completely the luminescent parusite due to the fact that the extinction between the crossed
Nichols is not total.

Fignre 4 shows, for example, the oscillograin obtained in these conditions with nitrobenzene, The
applied field has a value of the order of 1500 volis per centimeter and a frequency of 10,000 cps. One sees
that the birefringence is annulled at the same time as the voltage, which corresponds very well to thzoretical
results in the case where the frequency of the electric field is very small compired to the rotational
diffusion constant of the substance studies. a constant that is of the order of 10° sec.(7

I, Measurements

We have utilized as a model 4 suspension of tobacco mosaic virus in distilled water. One knows, on
one hand, that these solutions present a considerable Kerr effect, and that, on the other hand, one can
measure the dimensions of the particles in an electronic microscope that permits the verification of the
experimental results. It is thus that one has utilized these solutions to verify the theories of emission
birefringence(?) of the diffusion of light{ 1001) ang of the Kerr effect with rectangular voltage
impulses.£12) All these experiments show that the behavior of these solutions is absolutely normal at weak
concentrations: we have. therefore, been conleni tu study two solutions respectively at 10 and 5 mg per
100 cc. The results obtained being, within the errur of 2xperiment. identical, and we contented ourselves to
reproduce here those which are relative to the first serics of experiments. We have made the frequency of
the alternating field applied to the cell vary between 20 cyeles and 20,000 cycles per second and Figures 5,
6. and 7 show the oscillograms obtained for N = S0. N = 200, & = 20,000. One sees immediately, in a
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Figure 5. Birefringence of a solution of tobucco Figure 6. Birefringence of the same

mosaic virus, 10 mg in 100 ce. N = 50 solution for N = 200.
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GuakTaLve tasinen, tiad die phase shiit beoween
— the applied voltage and the observed birefrin-
pence takes considerable values und that when
the frequency increases the birefringence
remains constant and difterent from 0. This led
us to the conclusion that the orientation couple
is of the type by induced moment and not hy
permanent moment which verifies the result

-._—-_* that we have obtained in studying the Kerr

N o effect of these solutions by anothe
Figure 7. Rirefringence of the same etl )d(n)
solution for N = 20,000, method.

In order to verify the theory in a more
quantitative fashion, it was necessary for us t
trace for a constant value of #y¢ the curves an
max, An min, and § as a function of the fre-
quency. For this, we meuasured on a large plate
the known relationship between the three quan-
tities Y, ¥, Y3 corresponding to the
ordnance of the highest point. the lowest point,
and the point of inteisection of the two parts
of the Lissajous curve (Fig. 8). On the other
hand. one ¢an measure while making the turn-
ing disc turn in the absence ot an electric field
the vertical displayment Y, due to the passige
of the luminous parasite when the Nichols are
crussed. As the birefringences are weuk, one cun
assume(} 2) that the birefringence ut time ¢ is
Figure 8 propartional to the quantity (v y,)' /2.

Y1

va Y2

o e e e = ——

[
XN

But, in order to trace the curves corresponding to Figures | and 2, it is necessary to return for all
frequancies to a constant value of the applied electric field. We assume. therefore, that which is experi-
mentally verified, that the birefringence is proportional to the field strength and in calling X the length of
the horizontal trace, we can write that the specific birefringence is given by the formulas:

Y
An max = I\"-"'»*l-\n—'—‘—)

- -
Anmin =K !'—}T&’-

where K is an arbitrary constant dependent on the calibration of the apparatus. Finally, we obtaiu the value
of the phase shift by the relation

VI Yot - ve - 2 ¥a

cos § = S
VAL Yo~V Yo

Figure 9 represents the experimental results obtained while using as an abscissa the logarithm of the
frequency. For high frequencies, the measure of & becomes difficult and almost impossible. because the
differences between ):,. v,, and p; are of the same order of magnitude as the noise of the photomultiplicr.
One sees, also, that with experimental errors, the experimentul results are well grouped on the curve having
the same aspect as those that f2rmit the calculation of the theory in the case of orientation by induced
moment. From these curves, one can obtaiu the value ot rotational diffusion constant by two methods:
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Figure 9. Experimental Results. Solution of tobacco mosaic virus ‘
; 10 mg pet 100 cc. Abscissa: the frequency. Plain curve: -
! maximum and minimum birefringence. Dotted cuive: :
phase shift between the birefringence and the voltage. X
i s '
| (1) In finding the frequency ¥, , at which § = 45°;
i , (2) In finding the frequency A, for which the curve An max or An min presents a point of ?
i inflection. i
5 t
. These two frequencics & and N, are related to ihe rotatiunal diftusion constant of the median '
: assumed monodisperse by the relations:
[ 3 d
i Nl = - D v
; 2n H
i
H 3 2 v
¢ Ny = ,i.._ D }
; ! 2n ,’
I | which permit. knowing ¥, and ¥,, .o calculation of D. According to whether one utilizes the first or the

second method, one finds:
D, =320 sec™! D; =440 sec™!

These values are compatible with the results obtained by other metheds on suspensions of the same type. In
fact, we have found by the Kerr cffect study with rectangular impulses, the median value D = 450 sec’!, but i 3
it is evident that these twe methods of analysis do not give the same result. In fact, the theoretical curves
reproduced in Figures | and 2 are relative to 3 median containing only one species of the molecule. Thus,
we have to deal with a mixture of particles of different lengths, that is to say, 4 polydisperse medium and,
in order to have theoretical representation correct to the experimental results, it is necessary to take into
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account these nhenomaena Tha formulae are 250y L0 SEGWIEAL W we wall A and 1) the blieiingence
reluxation time corresponding to the species 4, one sees that the frequency w for which & = 45 is a root of
the equation:

e e e et e e "

I (1w tH ™ (2cos 8, - V=0

where & is defined by the relation tan 8, = H{wrp). the summation extends over all species of molecules i
presented in the solution. On the othker hand, the frequency w for which the curves An max and Ay min
present an inflection point, would be roots of the equation:

_ !
Lan(l +wirf) 32 wird)=0with 1= 0

D; being the rotational diffusion constant for the species i. This shows well that the modian values measured
by the two methuds have no reason to be cqual. But one also sees thut these cquations are rather ditficult
to manage, secing the presence of the radicals, which leads us to the conclusions that the study of the
polydispersity by this method will be more complicated than by the rectuncular imputse mevhod,

In summary, we have shown thal the laws of dispersion of the Kerr effect us a function of (e
frequency of applied field as applicd to suspensions of tobaceo mosaic virus, With this. we have shown the
mechanism of orientation as well as given a value approaching the rotational diffusion constant of these ;
molecules in suspension. In spite of these results. this method seems difficult 1o apply to the case of '
polydispersed media because it is less precise and less casy to utilize than the method of rectangular ;
impulses. '
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